As part of our efforts to develop new classes of tubulin inhibitor payloads for antibody−drug conjugate (ADC) programs, we developed a tubulysin ADC that demonstrated excellent in vitro activity but suffered from rapid metabolism of a critical acetate ester. A two-pronged strategy was employed to address this metabolism. First, the hydrolytically labile ester was replaced by a carbamate functional group resulting in a more stable ADC that retained potency in cellular assays. Second, site-specific conjugation was employed in order to design ADCs with reduced metabolic liabilities. Using the later approach, we were able to identify a conjugate at the 334C position of the heavy chain that resulted in an ADC with considerably reduced metabolism and improved efficacy. The examples discussed herein provide one of the clearest demonstrations to-date that site of conjugation can play a critical role in addressing metabolic and PK liabilities of an ADC. Moreover, a clear correlation was identified between the hydrophobicity of an ADC and its susceptibility to metabolic enzymes. Importantly, this study demonstrates that traditional medicinal chemistry strategies can be effectively applied to ADC programs.
T argeted delivery of cytotoxic agents directly into tumor cells has long been speculated as a potential breakthrough for the treatment of cancer. This speculation was transformed into reality with the FDA approval of the first antibody−drug conjugate (ADC), gemtuzumab ozogamicin (Mylotarg), which utilizes a DNA damaging agent as a payload. 1 While regulatory concerns have precluded its broad utility, 2 a second generation of ADCs has emerged that takes advantage of potent tubulin binding agents that interfere with cell division machinery. Maytansinoid and auristatin payloads have been particularly useful in this regard, as evidenced by the clinical and regulatory successes of two recently approved ADCs, ado-trastuzumab emtansine (Kadcyla) and brentuximab vedotin (Adcetris). 1 The approval of these ADCs has sparked tremendous interest in the development of additional tubulin binding agents that may offer advantages over existing payloads and may be useful in the treatment of tumors that come to these molecules.
Indeed a number of new classes of tubulin binding agents have been described in recent years and several have been evaluated as potential ADC payloads. 5 One such payload that has received increasing amounts of interest is tubulysin, a class of structurally related tetrapeptides produced by myxobacteria. 6 Like auristatins such as MMAE, tubulysins bind to the vinca binding site of tubulin and exhibit exceptionally potent cytotoxic activity against a variety of cancer cells lines, including breast, colon, lung, ovarian, and prostate. However, unlike auristatins and maytansines, tubulysins have been shown to retain their potency in MDR1 (ABCB1) expressing cell lines. 7 Like other microtubule inhibitors, tubulysins have not shown promise as stand-alone agents due to their extreme toxicity. This has prompted a flurry of work to harness the potency of tubulysin through targeting it to specific tissues, thereby perhaps avoiding some of the side effects associated with tubulin inhibition. 8−10 Building upon these efforts, we wish to report herein the development and optimization of a series of antibody conjugates of a synthetic tubulysin payload linked via a maleimide glycine linker.
Harnessing the potency of a cytotoxic agent as an ADC requires that the molecule have a suitable "handle" for the attachment of a linker moiety serving to anchor the payload to the antibody while the ADC is in circulation. While tubulysin 1 has a C-terminal carboxylate and a phenolic OH that could be linked to an antibody via an ester linkage, numerous reports have recently suggested that plasma esterases may prematurely cleave such a linkage thereby resulting in payload release in circulation ( Figure 1 ). 11, 12 This, of course, would be undesirable, perhaps resulting in inadvertent toxicity and reduced efficacy. Therefore, the focus of our efforts was to introduce a reactive amine handle, a functional group wellknown to provide stable ADCs via an amide linkage. The full scope of our efforts to introduce this handle while retaining the payload potency will be reported in a separate publication, but for the purposes of the present study we selected compound 2 13 as a potential ADC payload containing an aniline handle for attachment to a linker. Compound 2 exhibited low nanomolar potency against a variety of cancer cell lines (Table 1) , and therefore, we proceeded to explore linkers by which we could attach the payload to an antibody. After exploring a variety of linkers, we settled on the simple mcGly (maleimide-caproyl glycine) linker. Thus, LP1 was prepared according to the route shown in Scheme 1. In short, payload 2 was coupled with preactivated N-Boc glycine to provide the glycyl intermediate. Removal of the Boc protecting group followed by reaction of resulting amine with maleimide caproyl succinimide ester 6 gave the desired LP1, which was conjugated to partially reduced trastuzumab using previously described methodology 14 resulting in ADC1 ( Table 2 ). The resulting ADC had an average drug antibody ratio (DAR) of 4.4 and was shown to possess excellent potency against N87 and BT474 cells, both of which express high levels of Her2. The ADC had slightly lower activity against a moderate expressing cell line (MDA-MB-453) and nearly 1000-fold reduced potency against a non-Her2 expressing cell line (HT-29). A negative control (nontargeted) ADC was also generated by the same method (ADC2) and showed no activity against the tested cell lines ( Table 2) . Combined, this data demonstrated that ADC1 effectively delivers the desired payload specifically to cells expressing the cognate antigen.
Incubation of ADC1 with mouse liver crude lysosomal fraction or with human liver S9 fraction under conditions optimized for lysosomal enzyme activity 4 resulted in the formation of cysteinelinked payload 5 (Scheme 2, Figure S1 ). Only trace amounts of free payload were observed after 18 h, strongly suggesting that the mcGly linker is not rapidly cleaved by proteolysis in the presence of these enzymes. Interestingly, no acetate cleavage was observed with these enzyme systems (vide inf ra). Compound 5 was shown to bind tubulin with approximately the same affinity as the corresponding free payload, 2 (Table S4 ). Thus, we believe that this ADC functions as a classical "non-cleavable" ADC, delivering its payload by complete ADC catabolism rather than by a specific linker cleavage event.
ADC1 was evaluated in a N87 gastric cancer xenograft study (dosed qdx4) where it exhibited nearly complete tumor regression at 10 mpk, partial regression at 3 mpk, and modestly delayed growth at 1 mpk ( Figure 4A ). Ligand-binding assay (LBA) based pharmacokinetic (PK) experiments showed that the total antibody (tAb) clearance was typical for that of an ADC, exhibiting a T 1/2 of 149 h and a clearance of 0.48 mL/h·kg in female nu/nu mice. However, immunocapture LCMS of the PK samples showed that the ADC was rapidly forming a new species with a MW of approximately 42 Da lower than the parent ( Figure S2 ). This mass is consistent with cleavage of the acetate ester, a process that has precedent in recent studies of a spliceostatin ADC. 11 Unlike spliceostatin ADCs, in which cleavage resulted in no loss of potency, the tubulysin acetate is reported to be critical for payload cytotoxicity. 15 Indeed, we found that payload 3 was >100-fold less active than parent payload 2 ( Table 1 ) and had 10−30× lower potency in a tubulin binding assay (Table S4) . A recent crystal structure of tubulysin M bound to tubulin may provide insight into this loss of potency. While neither of the acetate oxygens directly interact with tubulin, the methyl group of the acetate fits nicely into a hydrophobic pocket created by Thr-223, Thr-221, and Pro325. 17 The loss of this interaction may be a key determinant of the reduced potency of this payload.
Although cytotoxicity of a free payload is dependent upon both the functional activity (tubulin binding) and the permeability of the payload, ADCs do not typically rely on payload permeability for their in vitro potency. Rather, the payload is delivered directly into the cell via antigen-mediated uptake. Therefore, in spite of poor cytotoxicity and tubulin binding, we found it prudent to evaluate the potency of an ADC containing payload 3. As such, LP2 was prepared following the method outlined in Scheme 1 and conjugated to trastuzumab-A114C providing ADC3 (Table 2) . This ADC was inactive in all cell lines evaluated, thereby clearly demonstrating that the metabolite of ADC1 is an inactive species.
The esterase-mediated inactivation of ADC1 took place far more rapidly in mouse than in rat ( Figure S2 ), consistent with reports that mice have considerably higher esterase activity than rat and cyno. 11 However, the fact that the vast majority of currently available efficacy models utilize mice clearly precludes the use of this conjugate in a therapeutic program. Therefore, it was necessary to solve the metabolic problem in mice prior to evaluating this payload for safety in higher species. With this in mind, we set about addressing the metabolic issue using two approaches: (1) replacement of the ester with a stable isostere and (2) attachment of the LP to antibody sites 3 that may sterically or electronically prevent esterase-mediated recognition of the LP. 19 In the first approach, we took advantage of the historical precedent for using nonhydrolyzable ester isosteres to block 
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Featured Letter metabolism while maintaining the favorable molecular interactions required for target binding. As such, we found that carbamate-containing payload 4 regained significant cytotoxic activity as compared to the corresponding alcohol 3 ( Table 1) . As a result, we pursued the synthesis of the corresponding linker payload (LP3, Scheme 3) beginning with the previously reported Boc-protected amine 7, which was reduced, coupled with glycine, and deprotected with TFA to give compound 8. This compound, inturn, was allowed to react with the previously reported PFF-ester 9, 13 deprotected with diethylamine, and coupled with maleimide caproyl succinimide ester 6 to provide target LP3 in 52% yield. Conjugation with trastuzumab gave ADC4, which exhibited in vitro activity only slightly lower than that observed with parent ADC1 ( Table 2) . Moreover, as expected, mouse plasma stability studies indicated that no carbamate cleavage occurred after 72 h of incubation, compared to 83% acetate cleavage of the corresponding ester conjugate (Table 2) . Thus, we hypothesized that the increased stability of ADC4 would offset the slightly reduced cytotoxicity (vide infra). In a second approach to address the acetate metabolism, we hypothesized that the placement of the linker-payload at different locations on the antibody may impact the ability of the plasma esterase to hydrolyze the acetate of the tubulysin ADC. While conceptually intuitive, this approach has only limited precedent in the literature, primarily focused on the site-dependent proteolytic cleavage of a ValCit linkage in mouse plasma. 20 We reasoned that a similar site-dependent effect may impede payload metabolism of the tubulysin ADC. Thus, a series of trastuzumab cysteine engineered variants were carefully selected based upon criteria such as solvent exposure, predicted structural stability, lack of interference with key binding partners such as FcγR and FcRN, and resistance to retro-Michael mediated payload loss 16 (unpublished work). The selected mutants ( Figure 2 ) were expressed transiently in transfected HEK-293 cells and were isolated by protein A capture. The six resulting antibodies were conjugated to LP1 using slight modifications of previously described chemistry. 
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In order to identify the site variants most likely to impart steric hindrance, thereby blocking ADC metabolism, we employed a chromatographic method that is widely used in the ADC field for the calculation of DAR: Hydrophobic interaction chromatography (HIC). HIC is a nondenaturing LC method that separates proteins based on their affinity to a hydrophobic stationary phase. 22 ADCs typically have a rightward shift of the major peak as compared to their corresponding naked mAb due to the hydrophobicity of the LP. For the purpose of comparing various ADCs, the HIC retention time was normalized by dividing the ADC retention time by the retention time of a naked antibody (trastuzumab) resulting in a "relative retention time" (RRT) for each ADC. Attachment of LP1 to the six trastuzumab mutants above resulted in a set of conjugates that had various HIC RRTs ( Table 2 ). We reasoned that in order to interact with the HIC stationary phase, the LP must be able to "reach" out into bulk solvent. Therefore, the HIC retention of various site-specific ADCs may be a crude method of comparing the steric accessibility of the LP toward metabolic enzymes.
Indeed, in the examples outlined herein (Table 2, Figure 3 ) we see a distinct correlation between the HIC retention of the ADC and the rate of cleavage of the tubulysin acetate ester in mouse plasma. The three ADCs with the lowest HIC retention, the 392C, 334C, and kappa-183C mutants (ADC5, ADC6, and ADC10, respectively), also display the lowest rate of acetate hydrolysis. ADC6 (at the 334C site) was found to be particularly stable in mouse plasma (<10% acetate loss in 74 h) and to have a HIC shift only marginally higher than the naked antibody (RRT = 1.04). Only trace amounts of acetate cleavage (<10%) were observed even after 1 week of incubation in mouse plasma. As can be seen in Figure 2 , the 334C site is buried in the cavity between the two Fc chains in close proximity to the glycosyl group at Asn297. The steric hindrance provided by Fc arms and the glycosylation appears to diminish the accessibility of the culprit enzymes and thereby provide significant protection from enzymatic degradation. The remaining site mutants (ADC7−ADC9) have higher HIC shifts, as might be expected due to their more exposed positions ( Figure  2 ) and are rapidly metabolized in mouse plasma. A plot of the % OAc loss at 2 h vs the HIC retention ( Figure 3 ) shows a very clear correlation between ADC hydrophobicity and metabolism (R 2 = 0.93). The 2 h time point was selected for this analysis because this is a good approximation of the initial rate of hydrolysis. At later time points other factors may play a role in the rate of acetate cleavage, including concentration of the remaining substrate, stability of the esterase, and the conformational stability of the ADC at 37°C. Importantly, all the site mutant ADCs retain their potency against high Her2 expressing cell lines while having minimal to no effect on Her2 negative cell lines ( Table 2 ). It should be noted that the 2−3-fold loss in potency of ADC5−ADC10 compared toADC1 is easily rationalized by the fact thatthe DARof the site-specific conjugates is ∼1/2 that of the hinge-conjugated ADC1.
Armed now with two approaches to address the acetate cleavage liability, ADC6 and ADC4 were evaluated in an N87 xenograft model to determine if the stabilization of the acetate would result in an improvement in potency. As can be seen in Figure 4B , the acetate isostere ADC (ADC4) had approximately equivalent efficacy to ADC1 in spite of the reduced in vitro potency. More significantly, ADC6 had improved efficacy as compared to conjugate ADC1 despite delivering only 1/2 of the amount of payload at a given dosage ( Figure 4C ). In fact, in spite of the reduced DAR and reduced in vitro cytotoxicity, the 3 mpk dose of ADC6 showed roughly equivalent efficacy to the 10 mpk dose of ADC1. A comparison of ADC1, ADC4, and ADC6 at a 3 mpk dose clearly shows the impact of the improved stability ( Figure 4D ). Blood samples were removed 72 h after the final 3mpk doses of ADC4, ADC6, and ADC1 in order to verify that the in vitro improvement in payload stability translated to the in vivo system. ADC4 and ADC6 exhibited little or no loss of the acetate (or the corresponding carbamate) from the ADC as compared to ∼83% acetate loss for ADC1 ( Table 2 ). While partial maleimide ring opening was observed in both ADCs, very little (<10%) payload was lost via retro-Michael mediated deconjugation during the 72 h of in vivo exposure. 16, 18 This data strongly suggests that the improvement in efficacy observed for ADC6 is driven largely by the mitigation of payload metabolism imparted by the site of conjugation.
The advancement of a small molecule therapeutic program and an ADC therapeutic program may at first glance seem to be very different. ADCs are typically dosed by IV and have in vivo half-lives of days to weeks, while small molecule therapeutics are typically taken orally and have half-lives measured in hours. The cellular activity of an ADC does not rely on compound permeability, as it does for small molecules, but rather the active agent is delivered directly into the cell via endocytosis. ADCs rely on cellular metabolism to release the active moiety, while small molecule therapeutics are typically adversely impacted by any sort of cellular processing.
In spite of these stark differences, the work presented herein is a reminder and a demonstration that the ADC scientist and the small molecule scientist have much in common. During the optimization of our tubulysin ADC program, we encountered a metabolism issue that precluded its advancement into therapeutic programs. The acetate ester of tubulysin ADC1 was being quickly metabolized resulting in the rapid formation of inactive ADC2 (Figure 3) . In order to address this metabolism issue, we employed a strategy that should be familiar to most small molecule medicinal chemists. First, we attempted to block the metabolism by the introduction of a commonly used ester isostere. While the resulting ADC (ADC4) proved to be potent and selective, it did not offer an improvement in efficacy as compared to the parent ( Figure 4A vs Figure 4B ). Second, we attempted to block the metabolism of the acetate by attachment of the payload to sterically occluded sites on the antibody. While this approach may at first seem foreign to many small molecule chemists, it is highly analogous to the commonly employed practice of sterically blocking a site of metabolism, for instance, by the introduction of a nearby tert-butyl group or fluorine atom. In order to identify an appropriate site of attachment, it was necessary to rely on plasma stability studies in order to triage the samples being selected for in vivo evaluation. Fascinatingly, we found that there appears to be a tightcorrelation between the HIC retention of the tubulysin ADCs and their rate of metabolism by plasma esterases. We believe that this correlation is driven by the fact that HIC retention provides a useful approximation of the steric occlusion of a given site. In other words, conjugation at sites that are "protected" from bulk solvent due to their site of attachment results in ADCs in which the payload cannot effectively interact with the HIC stationary phase, translating into low retention times. In contrast, conjugation at sites that are highly exposed provides ADCs in which the linkerpayload is free to interact with the HIC stationary phase, resulting in high retention times. The strong correlation displayed above suggests that HIC retention time may serve as a useful guide to address potential metabolic liabilities that may be encountered in other ADC programs. The improved metabolic stability of ADC6 resulted in a conjugate with approximately 2-fold improved efficacy in spite of drug-loading that was one-half of the parent ADC1 ( Figure 4A vs C). Additionally, the metabolic improvements observed in plasma translated effectively to the in vivo system. ADC6 retained its acetate ester upon in vivo dosing in contrast to ADC1, which was rapidly metabolized in vivo. This is a clear demonstration that the site of attachment can effectively modulate ADC metabolism. This adds to a growing body of evidence that site specific ADCs can provide significant advantages over conventional conjugations (to hinge cysteine and lysine) that result in mixtures of ADC species.
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Pioneering work first reported in 2008 by Junutula and colleagues paved the way for the advancement of site-specific ADCs for the treatment of cancer. 23 Since that time, a variety of enzymatic and chemical approaches have been used to generate ADCs loaded at specifically defined sites on the antibody backbone. 3, 24 These conjugation approaches have resulted in ADCs with improved PK, 19 decreased metabolism, 19, 25 and improved safety. 23 Based on these results, the ADC community has slowly but inexorably shifted from conventional lysine and hinge-cysteine conjugations to site-specific conjugations. 3 However, as this shift has been taking place, there have been very few reports that address the underlying biophysical properties that might be driving such improvements thereby allowing researchers to proactively select beneficial sites for up-and-coming ADC programs. We believe that the present work may begin the process of addressing this gap by providing evidence that the metabolism of site-specific conjugates is correlated with chromatographic retention on a HIC stationary phase. The HIC retention, in turn, is likely driven largely by the solvent exposure of particular sites of conjugation, a feature that in the future may be interrogated by protein modeling prior to undertaking synthetic efforts. This work serves to complement the emerging research showing the HIC retention may correlate with total antibody exposure in various animal models. 21 Together, these trends strongly suggest that the ADC scientist should pay careful attention to ADC hydrophobicity during the discovery process.
In summary, we have described the optimization of the in vivo activity of a tubulysin ADC. We believe that the examples provided herein are an important demonstration that traditional medicinal chemistry strategy can be effectively applied in the development of ADC programs. Moreover, we clearly show that site of conjugation should be a tool in the arsenal of every ADC scientist. Additionally, we provide an example showing the translation of an ADC biophysical property (HIC retention) to in vitro and in vivo metabolism and ultimately to improved efficacy of the resulting ADC. This study is a timely reminder that the principles of small molecule medicinal chemistry can be effectively applied even to biotherapeutic programs such as ADCs.
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